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WIND-TUNNEL INVESTIGATION OF VARIOUS SMALL-SCALE
ROTOR/WING CONFIGURATIONS FOR VTOL COMPOSITE
AIRCRAFT IN THE CRUISE MODE

By James P. Shivers
Langley Research Center

SUMMARY

A subsonic wind-tunnel investigation of a small-scale rotor/wing VTOL airplane
model has been conducted in a2 low-speed tunnel with a 12-foot (3.66 meter) octagonal
test section at the Langley Research Center to determine the cruise-mode aerodynamic
characteristics for eight planforms using the same fuselage. The rotor/wing VTOL air-
craft concept is one in which a rotor is used for hovering and low-speed flight, whereas
for high-speed flight the rotor is stopped and serves as a fixed wing. Five three-blade
and three four-blade rotor/wing planforms were tested on a model with a conventional
fuselage and tails. The investigation consisted of tests in the cruise configuration to
determine lift, drag, static stability and control characteristics, and the dynamic rolling-
stability derivatives. Studies with the rotor/wing fixed at various azimuth angles were
made to determine the rolling and pitching moments due to variation of the azimuth angle
and the effectiveness of the controls for countering these moments.

The results of the investigation showed that the longitudinal stability and control
characteristics for most of the wings were generally satisfactory and the lateral stability
and control characteristics were generally satisfactory when twin vertical tails were
mounted at the tips of the horizontal tail. The three-blade rotor/wings experienced large
pitching and rolling moments due to center-of-pressure shift as the blades were rotated
through the azimuth range. The use of cyclic pitch control was found to be effective in
reducing or eliminating these moments. The four-blade rotor/wing did not experience
appreciable moment changes with azimuth angle.

INTRODUCTION

A wind-tunnel investigation of a small-scale rotor/wing VTOL aircraft model has
been conducted in a low-speed tunnel with a 12-foot (3.66 meter) octagonal test section at
the Langley Research Center to determine the aerodynamic and stability and control char-
acteristics for eight planforms in the cruise mode. The rotor/wing VTOL aircraft con-
cept is one in which a rotor is used for hovering and low-speed flight, whereas for



high-speed flight the rotor is stopped and serves as a fixed wing. This concept is intended
to combine the low downwash effects and high hovering efficiency of the helicopter rotor
system with the high cruise-speed efficiency of the conventional fixed-wing airplane. In
the present investigation five three-blade and three four-blade rotor/wing configurations
were tested on the same fuselage. Tests were made for a range of horizontal-tail heights
with a single vertical tail and also with a twin-vertical-tail configuration on the center
fuselage.

The investigation consisted of tests to determine: (1) the lift, drag, and static lon-
gitudinal stability and control characteristics; (2) the static lateral stability and control
characteristics; (3) the dynamic rolling-stability derivatives (for the five three-blade
rotors only); (4) the rolling- and pitching-moment characteristics as a function of rotor
azimuth position; and (5) the effect of cyclic pitch inputs to control the rolling and pitching
moments associated with azimuth changes in starting and stopping the rotor system.

SYMBOLS

Longitudinal forces and moments are referred to the stability system of axes. Lat-
eral forces and moments are referred to the body system of axes. Both axes systems are
shown in figure 1. The moments are referred to the center-of-gravity position shown in
figure 2. Dimensional quantities are given in both U.S. Customary Units and the Inter-
national System of Units (SI). Conversion factors relating the two systems are given in

reference 1.

Ao constant term in expression for 6; hence, mean-blade-pitch angle, deg
Aq coefficient of -cos ¥ in expression for 6, deg or rad

B4 coefficient of -sin ¢ in expression for 6, deg or rad

b wing span, ft (m)

c chord, ft (m)

Cav average wing chord, S/b, ft (m)

Cy, lift coefficient, Fy,/qS

CL,t lift coefficient of horizontal tail based on its area



Cp drag coefficient, Fp /qS

CD,t drag coefficient of horizontal tail based on its area

Cm pitching-moment coefficient, My/chav

Cm,t tail pitching-moment coefficient

Cy lateral-force coefficient, Fy /qS

C; rolling-moment coefficient, Mx /qu

Cl,t tail rolling-moment coefficient

Cn yawing-moment coefficient, Mg /aSb

Cn,t tail yawing-~moment coefficient

Fp drag, Ib (N)

Fy, lift, Ib (N)

Fy lateral force, Ib (N)

it horizontal-tail incidence (positive for leading-edge-upward deflection), deg
it mean mean horizontal-tail incidence when right- and left-tail planes are deflected

differentially for roll control, deg

it,R incidence of right-horizontal-tail plane, deg
it,L incidence of left-horizontal-tail plane, deg
k reduced-frequency parameter, wb/2V

Mx rolling moment, ft-1b (m-N)

My pitching moment, ft-1b (m-N)



Omean

yawing moment, ft-1b (m-N)

rolling velocity, rad/sec

aircraft rolling acceleration, rad/sec2 \\
free-stream dynamic pressure, lb/ft2 (N/m2)
wing area, ft2 (m2)

tail area, ft2 (m2)

free-stream velocity, ft/sec (m/sec)

body reference axes

ordinates for horizontal tail, ft (m)

angle of attack of wing, deg

angle of sideslip, deg

aircraft yawing acceleration, rad/sec2
average downwash angle, deg

feathering motion of blades with respect to plane of tip for rotating-rotor
condition, Ag - Aj cosy - By siny . . ., degor rad

incidence of rotor blades relative to rotor hub measured perpendicular to
rotor radius, deg; positive incidence indicates that leading edges of right

and left blades (in stopped rotor condition) are deflected upward

mean incidence of right and left rotor blades when deflected differentially for
roll control in stopped-rotor condition, deg

incidence of right rotor blade, deg

incidence of left rotor blade, deg



Y blade azimuth angle measured from downwind position in direction of rotation,

deg or rad
A rotor-blade-sweep angle, deg
w angular velocity, rad/sec
A increment between coefficient for mean-control-surface angle setting and

coefficient for differentially deflected control surfaces

aC 8C
; 5Cp Y
= —= C = — =
CZB o8 ng = 58 R 7: 38
aC 8Cp t
_ 98¢ _ %n,
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A dot over a symbol represents a derivative with respect to time.
MODEL

A drawing of the model with rotor/wing 2 installed is shown in figure 2. Figure 3
shows the model with rotor/wing 8 installed. Figure 4 shows the planforms of all eight
rotor/wings that were investigated.

The rotor/wing was oriented as shown in figure 2 for the three-blade rotors and as
shown in figure 3 for the four-blade rotors. The incidence of all rotor blades was
adjustable about the 50-percent chord line. The airfoil section of the wing was a flat
plate with rounded leading and trailing edges and tips.

The horizontal tail, which is shown in figure 2, had an NACA 0012 airfoil section
and could be mounted in any of the three vertical positions (high, mid, and low) as shown



in figure 2. The incidence of the horizontal tail was adjustable for pitch control, and the
incidence of the right and left tail planes could be adjusted differentially for roll control.

The model had a center vertical tail which had an NACA 0012 airfoil section and
was constructed to be detachable from the fuselage for vertical-tail-off tests. The lower,
or ventral, part of the center vertical tail was used only when the horizontal tail was in
the low position. Twin vertical flat-plate surfaces were added to the tips of the hori-
zontal tails (for mid-height position, only) to provide additional tail area for some of the
initial lateral-stability investigations. When it was found that the lateral stability was
improved, new vertical twin tails and a new horizontal tail were constructed and installed
on the fuselage as shown in figure 3. These vertical tails had NACA 0012 airfoil sections
and the horizontal tail had a cambered airfoil section instead of the symmetrical section
originally used. The ordinates for the cambered tail are listed in the table in figure 3.

TESTS

Static-stability wind-tunnel tests were made in a 12-foot (3.66 meter), low-speed,
atmospheric tunnel with an octagonal cross section. The model was sting mounted on an
internal strain-gage balance to measure the forces and moments on the model. The tests
were made over an angle-of-attack range from 0° to 36°. The schedule of tests for all
eight rotor/wings followed the same general pattern, although the tests were more
detailed or more extensive for some rotor/wings than for others. Initially, rotor/wing 2
was tested extensively and analysis of the results permitted reduction in the test matrix

for the other configurations.

Tests were made on the five three-blade rotor/wings to determine the lift, drag,
and longitudinal stability and control characteristics of the model for three horizontal-
tail height positions and for the tails-off condition. Similar parameters were measured
with the cambered horizontal tail mounted on the fuselage. These configurations were
similar to a three-blade configuration tested on a powered model in the Langley full-scale
tunnel and reported in reference 2.

Lateral tests were made at angles of sideslip of 5° and -5° to determine the static
lateral-stability derivatives over the test angle-oi-attack range. A few lateral tests were
also made for each rotor configuration over a range of sideslip angles of 20° to -20°, to
determine whether the lateral characteristics were linear functions of sideslip angles.
Lateral-control tests were made to determine the effectiveness of the rotor blades and of

the horizontal tails as roll-control devices.
In addition to the investigation with the rotor/wing stopped for the airplane mode,

tests were also made to determine the rolling and pitching moments generated with the
rotor/wing stopped at several different azimuth angles to obtain aerodynamic data for use

in analysis of the transition phase of flight.
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Forced-oscillation tests were made to determine the dynamic rolling-stability
derivatives of the model with the five three-blade rotors. These tests were made in the
Langley full-scale tunnel by using the apparatus and technique described in reference 3.
The oscillation tests were made at a frequency of 1 cycle per second (1 Hz) which gave a
value of the reduced frequency parameter k of about 0.20. The tests were generally
made at a dynamic pressure of about 4.0 psf (191.5 N/m2), which corresponds to a value
of Reynolds number of 400 000 based on the average wing chord of rotor/wing 2.

As a supplement to the force tests, tuft studies were made early in the program
with rotor/wing 2 to determine the stall pattern of the wing, with particular emphasis
placed on determining the effect of blade incidence in relieving blade stall. These studies
were used as a guide in choosing the range of test variables. During all tests, several
tufts were used on the horizontal tail as a visual means of detecting tail stall. No tunnel
wall corrections were applied to the data since the model was small relative to the size
of either of the tunnels.

RESULTS AND DISCUSSION

An index to the test data figures is presented in table I. Each of the eight parts of
the table pertains to one of the eight rotor/wings sketched in figure 4. For convenience
in data comparison for the various wings, summary plots have been made from the basic
data figures to show the relative aerodynamic characteristics of the rotor/wings. The
basic data are presented in figures 5 to 31 and figures 34 to 145. The summary plots are
presented in figures 146 to 153. Most of the discussion will be relative to these summary
data.

Wing-Flow Characteristics

Photographs of tufts showing the flow over rotor/wing 2 are presented as figures 32
and 33. Figure 32 shows the flow pattern on the model in the airplane cruise condition
and indicates an increase in spanwise flow of the boundary layer with increasing angle of
attack that is typical of swept and delta wings. Figure 32 also shows that stalling on the
blades starts at a lower angle of attack than on the triangular hub part of the wing. The
development of the pronounced spanwise flow and the stalling on the blades were delayed
to higher angles of attack by the use of negative blade incidence. It appears from the tuft
studies that it is desirable to use a blade incidence of 0° for angles of attack near 00, and
to use a blade incidence of at least -20° for angles of attack near that for wing stall.
Consequently, values of blade incidence of 0°, -10°, and -20° were included in most of the
series of force tests.

The next series of photographs, figure 33, shows the flow behavior on the rotor/wing
when it is oriented to different azimuth positions. At azimuth angles of 30° and 90° the



photographs show that the spanwise flow is asymmetrical. At those two azimuth angles
the out-of-irim rolling moments are at a maximum. The positions shown in the photo-
graphs are representative of those for the rotor as it starts and stops when in the transi-
tion mode. The rotor blades, for the case shown, are set at zero angle relative to the
rotor hub.

Lift and Drag

A comparison of the lift and drag characteristics of the eight rotor/wing configura-
tions tested is presented in figures 146 and 147 for the horizontal tail off and the horizon-
tal tail on, respectively. The nondimensional aerodynamic coefficients are based on the
actual areas of each wing as listed in figure 4. The lift-curve slopes of the three-blade
configurations are generally linear up to the stall except that rotor/wing 4 has a reduction
in slope beginning at an angle of attack of about 12°. This reduction in slope is probably
a result of tip stall on the swept rotor blades. The data of figure 146 for the four-blade
configurations show that rotor/wing 8 experienced an abrupt stall and change in lift-curve
slope near an angle of attack of about 8°, whereas the other four-blade configurations
show a much higher stall angle of attack. This higher stall angle of attack of rotor/wings
6 and 7 is believed to result, mainly, from a favorable interference effect between the
fuselage and wing, since it is much too large to be attributed to differences in aspect ratio
of the four-blade configurations. To determine the effect of blade sweep for rotor/wing 6
the blades were swept 300 and 45°. There was a small increase in maximum lift coeffi-
cient for these sweep angles. (See fig. 113.)

Longitudinal Stability and Control

From tests made with the horizontal tail at different vertical positions, it was found
that best stability characteristics were obtained, generally, with the horizontal tail located
in the mid-tail position for the single vertical tail or center-fuselage position for the twin
vertical tails. (See figs. 2 and 3.) The summary data of figure 147 are presented for the
model with the horizontal tail in center-fuselage position. (See fig. 3.)

The pitching-moment data of figure 146 show that, as expected, all the configura-
tions were statically unstable with tail off except for rotor/wings 3 and 4 at low angles of
attack. Planforms 3 and 4, which have practically all their exposed area behind the center
of gravity, were statically stable until an increase in angle of attack caused the tips to
stall. This tip stall, in turn, caused a forward shift in the aerodynamic center and thereby
induced static instability for these rotor/wings.

The data presented in figure 147 show that stability was achieved by the addition of
the tail for all the rotor/wing configurations with the exception of the delta wing
(rotor/wing 5). Since the tail size remained constant for these tests, those rotor/wings



with smaller areas generally have proportionally greater amounts of stability because of
the large values of St/S. In figure 148 where 8Cp, /8CL is plotted as a function of

St /S, it is seen that for reasonable static stability the tail areas for most of the config-
urations could be reduced considerably. The major exception to this condition, however,
is the case of the delta wing (rotor/wing 5). Past experience with delta wings has shown
that a horizontal tail is generally ineffective behind such a planform because of the

adverse variation in downwash characteristics. The downwash factor ( - g—e&), determined

from the basic data (in the low angle-of-attack range) and presented in figure 149, shows

that for rotor/wing 5 the value of (1 - Z—Z) is only about 0.26, whereas for the other

rotor/wings the values range between 0.36 to 0.58.

Static Lateral Stability

Effect of rotor/wing planform.- The data presented in figure 150 show the static
lateral-stability characteristics for the configurations with vertical tail off. These data
show, as expected, that all the configurations were directionally unstable with vertical
tail off and that the instability generally increased at the higher angles of attack. The
dihedral effect was positive (‘Cl 3) at low angles of attack for most of the rotor/wings and

was negative (Cl B) at the higher angles of attack. Rotor/wings 3 and 4 had negative dihe-

dral effect at much lower angles of attacks than did the other rotor/wings, apparently
because of the very early tip stall which occurred with these configurations.

Effect of vertical-tail arrangement.- From the basic data plots it was found that the

model with the center vertical tail was directionally unstable except at low angles of
attack. (For example, see figs. 68 and 69.) For this reason, vertical flat plate surfaces
were installed on the tips of the horizontal tail as a means of improving the directional
stability with angle of attack. Since this tail configuration was found to be more satisfac-
tory than the center tail for directional stability, newly designed twin vertical tails were
used for the remainder of the investigation. All the comparison plots showing the effects
of rotor/wing configuration on the lateral-stability characteristics, presented in fig-

ure 151, are made for the twin-tail configuration.

The data of figure 151 indicate that all the configurations had directional stability
over the test angle-of-attack range with the exception of the delta-wing planform
(rotor/wing 5) at high angles of attack. Rotor/wings 3 and 4 show the largest values of
directional stability of the rotor/wings tested. I should be pointed out that the relative
values of CnB are compared for a tail of constant area. Thus, wings having the smallest
areas, such as rotor/wings 3 and 4, would be expected to have the highest values of direc-
tional stability because of the higher ratios of tail area to wing area. The dihedral effects
of the rotor/wings with vertical tails on and off were generally similar.



Lateral Control

The lateral control that can be provided by differential incidence of the right and
left rotor blades is shown in figure 152. The data show that the rolling moment due to
control deflections diminishes about 50 percent as the angle of attack is increased from 0°
to angles near the stall. The yawing moments due to control deflections are generally
adverse, particularly for the higher angles of attack. It should be pointed out that the
summary plots of figure 152 were made for the configurations having constant blade-pitch
settings. The basic data plots (fig. 53 being typical) for the respective rotor/wings indi-
cate that it is possible to achieve increased rolling moments and reduced adverse yawing
moments through the use of increasingly negative mean settings of the blade incidence
(avoiding blade stall) as angle of attack is increased.

In addition to the roll control provided by differential incidence of the right and left
rotor blades, the basic data plots (fig. 54 being typical) for the respective rotor/wings
also show that appreciable roll control can be achieved by differential deflection of the
right and left horizontal-tail planes. This control remains essentially constant with angle
of attack when the tail surfaces are deflected differentially from increasingly negative
mean-incidence settings. The rolling moment produced by differential horizontal-tail
deflection is more or less independent of wing planform and is not presented in the sum-

mary figures.

Dynamic Rolling-Stability Derivatives

Rolling-oscillation tests were made only for the five three-blade rotor/wings. The
results of these tests, as summarized in figure 153, indicate that the model maintains
damping in roll (negative values of Clp +C; B) throughout the angle-of-attack range for
rotor/wings 1, 2, and 5 and that rotor/wings 3 and 4 maintain damping in roll up to angles
of attack of 260 and 28°, respectively. Subsequent loss of damping in roll for rotor/wings
3 and 4 is associated with the early tip stall that occurred for these configurations.

A comparison of the data of figure 153 with some of the basic data for tail-off con-
ditions indicates that the contribution of the tails to the damping in roll was insignificant
for rotor/wings 1, 2, and 5. (See figs. 29, 56, and 109.) For rotor/wings 3 and 4, how-
ever, the contributions of the tails to damping in roll became appreciable over some por-
tions of the angle-of-attack range. (See figs. 79 and 94.)

Effect of Rotor Azimuth Angle

In order to determine the effect of moment changes in roll and pitch with a change
in rotor azimuth angle, a series of angle-of-attack tests at different azimuth angles were
run. The number of azimuth angles was determined by the number needed to produce a
smooth rolling- or pitching-moment curve. The rotor was first tested through an
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azimuth-angle range with zero cyclic pitch to determine the magnitude of the rolling and
pitching moments. Secondly, a first harmonic sine function of 15° was programed into

the cyclic controls and then later a sine function of 30° was used to check moment varia-
tion for varying degrees of cyclic pitch. Most of the cyclic control variations were made
with rotor/wing 2, since data from this rotor/wing were needed to compare with a powered
rotor/wing model with a similar wing planform that had been tested in the Langley full-
scale tunnel (ref. 4). Enough data were taken with the other rotor/wing models at different
azimuth angles and cyclic pitch angles to determine the reaction of each rotor/wing to the
various controls.

The pitching- and rolling-moment coefficients (see fig. 58(b)) resulting from center-
of-pressure shift on the three-blade rotor/wing as the blades were rotated through an
azimuth angle could be reduced (see fig. 58(c)) or eliminated (see fig. 58(d)) by the use of
cyclic pitch. It was found that the four-blade rotor/wings did not experience appreciable
changes in rolling and pitching moments with changes in azimuth angle (see figs. 123
and 133) since there was no significant center-of-pressure shift as the blades were
rotated.

CONCLUSIONS

A subsonic wind-tunnel investigation of a small-scale rotor/wing VTOL airplane
has been conducted in a low-speed tunnel with a 12-foot (3.66 meter) octagonal test sec-
tion at the Langley Research Center to determine the aerodynamic characteristics 6f the
model in the cruise mode. Five three-blade and three four-blade rotor/wing planforms
were tested on a model with a conventional fuselage and tails. The results of the inves-
tigation may be summarized as follows:

1. The rotor blades had a tendency to stall at the higher test angles of attack.
Stalling could generally be relieved by the use of negative blade incidence (of the order of
10° to 20°) with attendant improvements in longitudinal stability, dihedral effect, and roll-
control effectiveness of the blades.

2. The longitudinal stability and control characteristics were generally satisfactory
for the rotor/wings, except for the delta planform wing, which produced downwash char-
acteristics that caused the horizontal tail to be relatively ineffective.

3. With vertical tails located on the tips of the horizontal tail, the model had positive
directional stability over the angle-of-attack range for most of the rotor/wings. A center
vertical tail was less satisfactory.

4, The dihedral effect was generally positive at low angles of attack but became
negative at higher angles of attack for most of the rotor/wings. For somé of the

11



rotor/wings, the dihedral effect changed from positive to negative at very low angles of
attack because of wing-tip stall.

5. Differential deflection of the right and left rotor blades appeared to be a satis-
factory means of obtaining lateral control for the rotor/wing configurations. Differential
deflection of the horizontal tail was also effective.

6. The three-blade rotor/wings experienced large pitching and rolling moments due
to center-of-pressure shift as the blades were rotated through the azimuth range. The
use of cyclic pitch control was found to be capable of reducing or eliminating these
moments.

7. The four-blade rotor/wings did not experience significant changes in rolling and
pitching moments with changes in azimuth angle since there was no appreciable center-
of-pressure shift as the blades were rotated.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., July 13, 1970.
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TABLE I.- SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES

Type of test

Static
longitudinal
stability

Static
lateral
stability

Roll control
effectiveness
(blades)

Roll control
effectiveness
(horizontal tail)

Roll oscillation

Cyclic control

Vertical
tail

Off

Center

Center

Center

Twin

Off
Twin
Off
Off
Twin
Twin
Twin
Off
Twin
Twin
Twin
Twin
Twin
Twin
Twin
Off

Center
Center

Twin

(a) Rotor/wing 1

Horizontal tail

Position

Off

Low

Mid
High
Center fuselage

Off
Center fuselage
Off

Off
Center fuselage
Center fuselage
Center fuselage

Off
Center fuselage
Center fuselage
Center fuselage
Center fuselage

Center fuselage
Center fuselage
Center fuselage

Off
Mid
Mid

Center fuselage

Incidence,
it, deg

-10
-20

'it,mean =0
it mean = -10
it mean = -20

Blade
incidence,
O, deg
0, -10, -20

0
-10
.20
0
-10
=20
0
0
-10
-20
-10
-10
0, -10, -20
-10
-10
0, -10, -20
0, -10, -20
©mean = 0
Omean = 0
Omean =0
©mean = -10
©mean = -20
0
0
0
0
0
0, -10, ~20
0=0

Special .

characteristics Figures

5

6

7

8

.9

10

11

12

13

14

15

B, variable 16

B, variable 17

B = £5° 18

B =159 19

B = +5° 19

B = x5° 20

B = +5° 21

Differential © 22

Differential © 22

Differential © 23

Differential © 24

Differential © 25

Differential it 26

Differential it 27

Differential it 28

Dynamic stability 29

Dynamic stability 29

Dynamic stability 30

Y, variable 31
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TABLE I.- SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES — Continued

(b) Rotor/wing 2

Horizontal tail

. Blade
Vertical i
Type of test tail N Incidence incidence,
Position it, deg ’ O, deg
Tuft L el e et e L L et P 0, -10, -20
________________________________________ 0
Center Off = | —---cemmeeee 0, -10, -20
0
Center Low 0, -5, -10 -10
~20
Static Center Mid 0, -5, -10, ~15 [ 10
longitudinal ? ’ 20
stability
Center High 0, -5, -10 {_18
0
Twin Center fuselage | 0, -10, -20, -30 -10
-20
Horizontal tail . :
characteristics Center Mid Variable 0
Off Off | --ecemmmmem - -10
Center Mid -5 -10
Center Mid -10 -20
Twin Center fuselage -10 -10
Off (0} 3 S e , -10, -20
: Center Off = [--=-mmmmmeeea -10
Statie Center Mid 0, -5, -10 -10
stability Twin Center fuselage y = -10
Center id 0 0, -10, -20
Twin Center fuselage 0 0, -10, -20
Center Mid 0, -5, -10 0, -10, -20
Twin Center fuselage 0, -10, -20 0, -10, -20
Center + tip Mid -5 -10
Twin Center fuselage -10 -10
Center, off/on | Mid, off/on | —-=m-=ceaaauen Omean = 0
Roll control
effectiveness 0 Omean =0
(blades) Center Mid -5 Omean = -10
-10 emean = -20
it,mean =0
Center Mid it,mean = -5 0
Roll control lt,mean = ~10
effectiveness
(horizontal tail) it,mean =0
Twin Center fuselage it,mean =-10 0
it,mean = -20
Roll Center, off/on | Mid, off/on | -—-——moccoo 0
oscillation Center, off/on Mid -10 0, -10, -20
Center Mid 0 Hub alone
Cyclic Center Mid 0 0=0
control Twin Center fuselage -10 -15 sin ¢
Center Mid 0 -30 sin ¥
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Dynamic stability
Dynamic stability

Special
characteristics

@, variable
Y, «a, variable

Symetrical
airfoil section

B, variable
B, variable
B, variable
B, varialgle

Differential ©

Differential ©

Differential it

Differential it

Y/, variable
Y, variable
Y, variable

Y, variable

Figures

32
33

34

R
35(c)

{362a§
36(b
36(c
)

38(a
38(b
38(c

39

51(a), 51(b)
51(a)

52

{53(;1)
53(b)
53(c)

54(b)

{54(3.)
54(c)

55(b)

{55(a)
55(c)

56
57

58(a
58(b
58(c
58(d




TABLE 1.~ SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES — Continued

(c) Rotor/wing 3

Horizontal tail

R Blade .
Vertical S Special .
e of test s R cid g Figur
Typ tail Position In{:tldggge, mel’ g:ge, characteristics | & EUTeS |
2
Center Off = | --ememceemee 0, -10, -20 59
0 60(a
Center Low 0, -10, -15 -10 60(b
-20 60(c
Static 0 61(a
longitudinal Center Mid 0, -10, -20 -10 61(b
stability -20 61(c
Center High 0 0 62
0 63(a
Twin Center fuselage 0, -10, -20 -10 63(b
-20 63(c
Off Off = | -----memmeeme- -10 B, variable 64
Center Mid -10 -10 B, variable 65
Twin Center fuselage -10 ~-10 B, variable 66
Off Off = | -----cmmmemmm- 0, -10, -20 = x50 67
Static Center Off = | =--emememeeaeo -10 B = £5° 68
lateral Center Mid 0, -10 -10 B = +5° 68
Stabilit Center Mid 0 0, -10, -20 B = +5° 69
¥y Twin Center fuselage 0 0, -10, -20 B = x50 70
Center Mid 0, -10, -20 0, -10, -20 B = 59 71
Twin Center fuselage 0, -10, -20 0, -10, -20 B = +5° 2
3 Mid and o}
Center and twin center fuselage -10 -10 B = x5 73
oft Off | =mmmmmmmmmmmee ©mean =0 | Differential © 74
Center Mid 0 O©mean = 0 Differential © 74
Roll control Omean ” K
0Ll contro Center Mid 0 = -10 | Differential © 75(b
effectiveness " emean = -20 " 75§ ;
(blades) mean = = ¢
0 Omean = 0 7623,;
Twin Center fuselage -10 mean = - Differential © 76(b,
-20 Omean = -20 76(c)
it,mean =0 ‘ 77(a)
Center Mid it,mean = -10 0 Differential it 77(b)
Roll control it’mean = -20 77(C)
effectiveness
(horizontal tail) ) it, mean = 0 (78(3.)
Twin Center fuselage| (it mean = -10 0 Differential it l78(b)
it,mean = -20 78(c)
Off Off [ -c-cmcmmmeeee- 0 Dynamic stability 79
Roll oscillation Center Mid -10 0 Dynamic stability 79
Center Mid 0 0, ~10, -20 | Dynamic stability 80
Cyclic control Center Mid 0 =0 Y, variable 81
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TABLE I.- SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES — Continued

(d) Rotor /wing 4

Horizontal tail

Blade

Vertical A Special .
Type of test tail Position Incidence, m&dgggc € | characteristics | FiguTes
i¢, deg
Off Off | ~m—mmemmmmmmee 0, -10, -20 82
5 0 (83(a
Center Low 0, -10, -20 -10 83(b
(-20 83(c
. 0 84(a
Static .
longitudinal Center Mid 0, -10, -20 .-.%8 {gigz
stability
5 0 852a
Center High 0, -10, -20 -10 85(b
{-20 85(c
; 0 86(a
Twin |Center fuselage 0, -10, -20 -10 86(b
(-20 86(c
Off Off = | =-c-cmmeoeonee -10 B, variable 87
Static Twin | Center fuselage -10 -10 B, variable 88
lateral Off Off = | -=-m—mmcemeae- 0, -10, -20 B = 259 89
stability Twin [ Center fuselage 0 0, -10, -20 B = 59 90
Twin | Center fuselage 0, -10, -20 0, -10, -20 B = x50 91
Roll control 0 ©mean = 0 92(a)
effectiveness Twin | Center fuselage -10 Omean = -10| Differential © 92(b)
(blades) -20 emean = —20 92(0)
Roll control . it,mean = 0 . 93(a)
effectiveness Twin | Center fuselage | {it mean = -10 ©=0 Differential i 93(b)
(horizontal tail) it mean = -20 93(c)
Off Off | ==ceccomeme- 0 Dynamic stability 94
Roll oscillation Center Mid -10 0 Dynamic stability 94
Center Mid -10 0, -10, -20 | Dynamic stability 95
Cyclic control Center Mid 0 0 ¥, variable 96
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TABLE I.- SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES — Continued

Type of test

Static
longitudinal
stability

Static
lateral
stability

t

Roll control
effectiveness
(blades)

Roll control
effectiveness
(horizontal tail)

Roll oscillation

Cyclic control

Vertical -

tail

Off

Center

Center

Center

Twin

Off

Twin

Twin
Twin

Twin

Off
Center

Center

(e) Rotor/wing 5

Horizontal tail

Position
Off

Low

Mid

High

Center fuselage

Center fuselage
Off
Center fuselage
Center fuselage

Center fuselage

Center fuselage

Off
Mid

Mid

Incidence,
iy, deg
0, -10, -20
0, -10, -20
0
0, -10, -20
-10
0
0, -10, -20

0
-10
-20

it mean = 0
it mean = -10
it,mean = =20

Blade

o Special s
1né:)1d§é1gc € characteristics Figures
b
0, -10, -20 97
0 98(a
-10 98(b
-20 198 c
0 99(a
-10 99(b
-20 99(c
0 100
0 101(a
-10 101(b
-20 101(c
-10 B, variable 102
-10 B, variable 103
0, -10, -20 B = 59 104
0, -10, -20 B = £59 105
0, -10, -20 B= i50 106
©mean = 0 107(a)
Omean = -10 | Differential © 107(b)
emean = -20 107(0)
108(a)
0 Differential i 108(b)
108(c)
0 D};namic stability | 109
0 Dynamic stability | 109
0 ¥, variable 110

17




TABLE I.- SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES — Continued

(f) Rotor/wing 6

Horizontal tail

. Blade :
Vertical Lo Special
Type of test tail Position Incidence, mgdggce’ characteristics
it, deg » deg
Off Off | ee-cmemmceeaee 0, -5, -10, -15
Static . _05
longitudinal Twin | Center fuselage| -5, -10,-15 -10
stability 1
Twin | Center fuselage -5 0 Blade sweep angle 09, 30°, 45°
Horizontal tail . : _n0
characteristics Twin | Center fuselage Variable 0 a=0
Off LOff | emmememmeeeee -10 B, variable
Static Twin | Center fuselage -10 -10 B, variable
lateral Off Off  f-ecmmocce— 0, -5, -10, -15 B = £5°
stability Twin | Center fuselage 5, -10, -15 -5, =10, -15 B = +59
Twin | Center fuselage , - ~10 8 = 25°
Twin | Center fuselage Off, -5 Omean = 0 Differential ©
Roll control -5 ©mean = -5
effectiveness Twin | Center fuselage -10 ©mean = -10 Differential ©
(blades) -15 Omean = -15
Roll control _it,mean =0
oeffgggé‘gness Twin | Center fuselage ilt,mean_=_;g 0 Differential it
(horizontal tail) lt,mean =
1t,mean = -15
Cyclic control Twin | Center fuselage -10 0 Y, variable

18
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112(a
112(b
112(c
112(d

113

114




TABLE I.- SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES — Continued

Type of test

Static
longitudinal
stability

Static
lateral
stability

Roll control
effectiveness
(blades)

Roll control
effectiveness
(horizontal tail)

—Cyclic control

Vertical
tail

Off

Twin

Off
Twin
Off
Twin
Twin,
off/on

Twin

Twin

Twin

(g) Rotor/wing 7

Position

Off

Center fuselage

Off
Center fuselage
Off

Center fuselage

Center fﬁsel:{ge,
off/on

Center fuselage
Center fuselage

C enter fuséiéée

Horizontal tail

Incidence,
it, deg

-5
{-10
~-15

it mean = 0
it,mean = -9
it,mean =-10
it,mean = -19

-5

Blade

incidence,

0, -5, -10, -15
5, -10, -15

H

0, deg

0, -5, -10, -15

0
-5
-10
-15

-10
-10

Omean =0

Omean = -5
©mean = -10
©mean = -15

Special
characteristics

Figures

124

125(a
125(b
125(c
125(d

B, variable
B, variable
B8 = 5°
B = £5°

126
127
128
129

Differential ©

Differential ©

* 130

131(a)
131(b)
131(c)

Differential it

' Y, variable

132(a)
132(b)
132(c)
132(d)

133

19




TABLE I.- SCHEDULE OF TESTS AND INDEX OF TEST DATA FIGURES — Concluded

(h) Rotor/wing 8

Horizontal tail

Vertical
Type of test :
tail Position
Off Off
Static
longitudinal
stability Twin Center fuselage
| off off
Static Twin Center fuselage
lateral Off Off
stability Twin Center fuselage
Twin Center fuselage
Twin, |Center fuselage,
off/on off/on
Off Off
Roll control
effectiveness
(blades)
Twin | Center fuselage
Roll control
effectiveness Twin | Center fuselage
(horizontal tail)
. Twin |Center fuselage
Cyclic control Twin |Center fuselage

20

Incidence s
it, deg

-10
-15

it,mean =0
it mean = -5
it,mean = -10
it,mean =-15

-
-5

Blade .
inei Special
mg dggge, characteristics

2y
0, -5, -10, -15, -20
0
-5
~-10
-15
-10 B, variable
-10 B, variable
0, -5, -10, -15 B = £5°
O, '5’ '10, -15 ﬁ = 150
01 '5’ '10’ ~15 ﬁ = :1:50
Omean = Differential ©
Omean =0 Differential ©
©mean=10
Omean = -5 . .
ff ti
Omean = -10 Differential ©
©mean = -15
0 Differential it
‘ e=0 Y, variable -
© = -10 sin 4y Y, variable

Figures

134

135(a
135(b
135(c
135(d
136
137
138
139
140

141
142

143(a)
143(b)
143(c)
143(d)

144(a)
144(b)
144(c)
144(d)

14553.
145(b




Relative wind

Relative wind

Figure l.- System of axes used in the investigation. Arrows indicate positive
directions of moments, forces, and angles.
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X
4.0
(114.3) T
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! 185, )
66.0 -
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Figure 2.- Drawing of model with rotor/wing 2. Dimensions in inches (cm).



ORDINATES FOR HORIZONTAL TAIL SURFACE

£¢e

Station, X ¥ upper ¥ lower
percent chord in. {cm) in.{cm) in.{cm) —_
0 0 0.224 0.569) 0.224 10.569)
15 0,075 (0.191) 397 {1,008) 09 (.26 | “
2.50 150 ( .381) 415 (.20 561122
5.00 300 (. 762) 580 (1.473) 027 [ .069)
7.50 L850 (1.143) 672 (1701 0144 (031
10,00 600 (1.528) T35 (L8} o e
15,00 7900 (2.286) B2 (2.113) 0 I R |
~ Radius 14.9 2.0
2.00 1.200 {3,048} 898 (2.281) ] 6.8 I/J 1626
30,00 LE0 (A572) | .90 423 0 -
20.00 2.400 6.09%) 867 (2.202) 0
5000 3,000 {7.6201 198 {2.027) 0
i Center of rotor and
.00 3,600 19.148) 6 (L7148 0 center of gravity - { ‘
70.00 4,200 (10. 668) 546 (1.387) 0 |
.00 4,800 (12.192) 378 (960 0 —/ s
%.00 5,400 (13.716) 189 { . 480) 0 Rator /wing 8 o
.00 5.700 (14,478 L0976 1.248) 0 R )
100.00 6.000 (15, 240) 012 {030 0 I Blade hinge line
- 9,9
CAN.
40
0.2
9.6
126,0
- - ’_‘_ 6.
(15,2
A ~ -
:
. T I . Y : - - , — . > | '
5.0 :
| mn _ _ _BS
! — - . R -¢- 3,5 i 343}
L T R
Radius 3.3 4/4 J
o . f | 15 ,
6.0 __ 1.1 "
-~

A i
167.8)
Twin vertical tails — _l

Cambered horizontal tail center fuselage

Figure 3.- Drawing of model with rotor/wing 8. Dimensions in inches (cm).
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TABLE OF ROTOR/WING PROPERTIES
Rotor Area S Span b Chord ¢ Aspect
Hub Ratio
# (m2) ft (m) ft {m) R
5.07 375 L35
1 .40 (L1 (0.41) 21
4 375 L
2 10.39) L (0.30) 33
338 3715 0.9
3 (0.3 L1 0.20) 1
2.88 315 0.7
4 (0.27) (L1 0.3 Ag
5.56 3.58 155
’ {0.52) (109 {0.47) 23
5.43 413 1315
6 {0.50) (1. 261 (0.201) 3u
5.4 I§Es 13
7 (0,50} (L.26) (0.200) 31
3.37 413 0.816
8 (031 (1.26) (0.249) >0

Figure 4.- Sketch of rotor/wing planforms and table of properties.
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Low horizontal

® = -20°; rotor/wing 1.

Figure 8.~ Longitudinal aerodynamic characteristics.
tail; center vertical tail;
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Figure 17.- Sideslip characteristics.
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Figure 33.- Tuft-test results for rotor/wing at various azimuth
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Figure 38.- Continued.
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Figure 83.- Longitudinal aerodynamic characteristics.
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Figure 86.~ Longitudinal aerodynamic characteristics.
Horizontal tail at center fuselage; twin vertical
tails; rotor/wing k.
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